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electro-optic  crystals  mounted  orthogonally  such  that  both  elec¬ 
tric  field  strength  and  direction  can  be  determined  (3  axis  elec¬ 
tric  field  measurement). 


Fiber  optic  technology  also  allows  the  sensor  electronics  and 
signal  processing  equipment  to  be  located  at  great  distances  from 
the  electric  field  being  measured.  This  allows  for  real  time 
electric  field  measurements  in  hostile  environments.  The  utili¬ 
zation  of  a  sum-difference  output  detection  scheme  results  in  a 
fiber  optic  electric  field  sensor  whose  output  is  transmitted 
intensity  invariant.  The  development  of  a  fiber  optic  electric 
field  sensor  which  could  operate  in  a  nuclear  environment  is  then 
possible  as  the  effects  of  radiation  fiber  darkening  minimally 
affect  the  sensor's  output. 

Experimental  results  are  presented  which  show  the  feasibility 
of  utilizing  a  Bi4(Ge04)3  ( BGO)  electro-optic  crystal  as  a  sensing 
element  in  a  fiber  optic  electric  field  sensor  for  lightning  re¬ 
search.  The  data  presented  demonstrate  a  linear  sensing  range 
2  7 

between  10  V/m  and  10  V/m  and  A.C.  measurement  bandwidth  capabi¬ 
lities  of  at  least  10  MHz.  With  the  further  development  of  our 
sensor  electronics  and  A.C.  electric  field  generating  equipment, 
linear  sensing  ranges  between  1  V/m  and  10  V/m,  and  an  A.C.  mea¬ 
surement  bandwidth  capability  well  in  excess  of  100  MHz  should  be 
achievable.  This  development  is  straight  forward  and  is  based  on 
the  use  of  state  of  the  art  high  bandwidth  circuitry  in  the  sensor 
electronics.  These  electric  field  measurements,  utilizing  BGO  as 
a  sensing  element,  will  result  in  a  fiber  optic  electric  field 
sensor  uniquely  suited  to  the  needs  of  the  lightning  research 
area. 
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Introduction  and  Identification  of  the  Problem 


There  exists  a  need  to  provide  survivable  electric  field 
sensors  which  are  capable  of  operating  in  hostile  environments  for 
research  in  the  Nuclear  Electro-Magnetic  Pulse  (NEMP)  and  light¬ 
ning  areas.  Fiber  optic  technology  provides  the  possibility  of 
monitoring  electric  fields  in  real  time,  in  the  hostile  environ¬ 
ments  encountered  in  NEMP  measurements,  and  lightning  research.  A 
multi-mode  fiber  optic  sensor  has  been  designed  at  GEO-CENTERS, 
INC.  which  incorporates  electro-optic  crystals  and  polarization 
optics  and  which  is  capable  of  measuring  electric  field  strength, 
direction,  and  A.C.  characteristics  in  the  environments  previously 
mentioned.  A  prototype  multi-mode  fiber  optic  electric  field 
sensor  has  been  fabricated  and  tested  by  GEO-CENTERS,  INC.  which 
is  capable  of  single  axis  electric  field  measurements  in  the 
environment  encountered  in  lightning  research. 

The  Phase  I  research  effort  concentrated  on  the  development 
of  an  electric  field  sensor  for  lightning  research  where  a  linear 
sensing  range  between  1x10^  v/m  and  3x10  V/m,  and  an  A.C.  mea¬ 
surement  bandwidth  capability  of  approximately  10  MHz  are  re¬ 
quired.  A  sensor  for  this  application  should  not  perturb  the 
electric  field  to  be  measured,  should  have  the  capability  of 
measuring  electric  field  direction,  and  be  relatively  small  so 
that  arrays  of  sensors  can  be  deployed  over  large  objects  (such  as 
airplane  fuselages)  for  electric  field  gradient  and  distribution 
measurements . 

For  NEMP  measurements,  an  electric  field  sensor  should  have  a 
linear  sensing  range  between  1x10  V/m  and  1x10  V/m  and  an  A.C. 
measurement  bandwidth  capability  which  approaches  a  GHz.  A  sensor 
for  this  application  must  also  be  capable  of  operating  in  a  nu¬ 
clear  environment  which  will  expose  it  to  gamma  rays,  x-rays,  and 
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high  energy  particles. 


Presently,  D  sensors,  which  are  available  from  EG&G 
Washington  Analytical  Services  Center,  Inc.,  are  utilized  in 
lightning  and  NEMP  research  applications.  These  sensors  are  capa¬ 
citive  in  nature  and  do  not  measure  the  applied  electric  field 
directly,  but  instead  measure  the  time  derivative  of  the  electric 
field  displacement.  Hence,  the  output  of  these  sensors  has  to  be 
integrated  over  time  to  determine  the  applied  electric  field. 
These  sensors  are  also  fabricated  with  metallic  components  which 
causes  a  distortion  of  the  electric  field  to  be  measured.  These 
sensors  are  sensitive  to  electric  fields  in  a  single  direction  and 
are  not  easily  utilized  in  making  electric  field  directional  mea¬ 
surements  from  a  single  location.  These  sensors  require,  in  many 
applications,  electrical  to  optical  converters  to  prevent  the 
collected  data  from  being  compromised  in  a  coaxial  cable  due  to 
the  effects  of  Electro-Magnetic  Interference  (EMI). 


A  fiber  optic  electric  field  sensor  based  on  the  electro¬ 
optic  effect  can  be  designed  to  meet  both  lightning  and  NEMP 

measurement  requirements.  GEO-CENTERS,  INC.  has  demonstrated  a 

2  7 

linear  sensing  range  of  between  1x10  V/m  and  1x10  V/m,  and  an 
A .  C .  measurement  bandwidth  capability  in  excess  of  10  MHz  in  an 
optical  sensor  based  on  the  electro-optic  effect  in  a  Bi4(Ge04)3 
(BGO)  electro-optic  crystal.  With  improvements  in  the  optical 
source  and  optical  detectors  incorporated,  a  linear  sensing  range 
between  1  V/m  and  1x10^  V/m,  and  an  A.C.  measurement  bandwidth 
capability  approaching  a  GHz  should  be  realized.  These  improve¬ 
ments  are  straight  forward  and  involve  the  use  of  state  of  the  art 
high  bandwidth  circuitry  in  the  sensor  electronics.  This  sensor 
can  be  fabricated  entirely  with  dielectric  materials  so  that 
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minimal  perturbation  occurs  to  the  electric  field  being  measured. 
In  the  sensor  configuration  defined  in  Section  2.1,  uni-axial 
electric  field  sensitivity  is  achieved.  As  a  result  of  the  small 
size  of  the  crystals  employed  (<2cm),  a  sensor  head,  which  incor¬ 
porates  multiple  crystals,  can  be  configured  in  a  two  inch  cube 
and  can  measure  both  electric  field  strength  and  direction  (3 
axes).  In  addition,  sum-difference  output  detection  schemes 
result  in  an  optical  sensor  which  is  relatively  immune  to  the 
effects  of  radiation  fiber  darkening  which  might  be  encountered  in 
NEMP  measurements.  The  monitoring  of  both  output  polarization 
states  gives  a  transmitted  intensity  invariant  sensor  output 
resulting  in  immunity  to  darkening.  Regardless  of  the  sensor 
output  detection  scheme,  the  sensor  output  is  a  direct  measure  of 
the  applied  electric  field.  This  allows  for  electric  field  mea¬ 
surements  without  the  need  for  sensor  output  integration. 

In  addition,  this  sensor  does  not  require  electrical  to 
optical  converters  which  are  utilized  with  the  D  sensors  to  avoid 
the  effects  of  EMI.  Fiber  lengths  greater  than  100  meters  can  be 
incorporated  between  the  sensing  heads  and  the  optical  source  and 
detector  which  allows  all  of  the  sensor  system's  electronics  and 
signal  processing  equipment  to  be  located  in  a  non-hostile  en¬ 
vironment. 

These  characteristics  make  a  fiber  optic  electric  field 
sensor  based  on  the  electro-optic  effect  uniquely  suited  for 
measurement  applications  in  the  NEMP  and  lightning  research  areas. 

2 . 1  Technical  Approach 

The  application  of  an  electric  field  to  an  electro-optic 
crystal  results  in  a  change  in  refractive  index  along  certain 
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crystal  directions.  In  certain  electro-optic  crystals  when  an 
electric  field  is  applied  along  a  specific  crystallographic  dir¬ 
ection,  the  resultant  refractive  indices  are  different  for  ortho¬ 
gonal  directions  in  the  crystal.  If  light  is  initially  polarized 
at  tt/4  with  respect  to  these  different  refractive  index  direc¬ 
tions,  then  a  phase  shift  will  occur  between  the  two  components  of 
the  polarized  light  that  lie  along  each  of  these  crystal  direc¬ 
tions  as  the  light  propagates  through  the  crystal.  This  phase 
shift  is  proportional  to  the  applied  electric  field  strength  and 
is  referred  to  as  electrically  induced  birefringence,  resulting 
from  the  electro-optic  effect. 

The  electro-optic  effect  can  be  utilized  in  a  fiber  optic 
sensor  in  order  to  detect  electric  field  strength.  Figure  1  shows 
a  schematic  layout  of  the  components  and  their  orientations  for  a 
fiber  optic  electric  field  sensor.  When  an  electric  field  is 
applied  along  the  x  direction,  the  index  of  refraction  increases 
along  that  direction,  while  the  index  of  refraction  along  the  y 
direction  remains  constant.  A  beam  polarized  along  the  x  axis 
propagates  at  a  slower  speed  than  a  beam  which  is  polarized  along 
the  y  axis.  Consequently,  the  x  axis  is  known  as  the  slow  axis 
and  the  y  axis  is  known  as  the  fast  axis.  Consider  first  the 
optical  configuration  shown  in  Figure  1  with  the  1/4  wave  plate 
removed.  For  this  case,  collimated  light  from  the  optical  source 
passes  through  a  polarizer  oriented  at  tt/4  with  respect  to  the  x-y 
plane.  When  an  electric  field  is  applied  parallel  to  the  x  axis, 
a  phase  shift  occurs  between  the  components  of  light  along  the  x 
and  y  axis  (birefringence).  This  induced  birefringence  causes  the 
light  which  exits  the  crystal  and  is  nominally  linearly  polarized 
at  tt/4  with  respect  to  the  x-y  plane,  to  become  elliptically 
polarized,  then  circularly  polarized,  then  elliptically  polarized, 
and  finally  linearly  polarized  at  —  tt/4  with  respect  to  the  x-y 
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Figure  1.  The  optical  components  and  their  orientation  for 
a  fiber  optic  electric  field  sensor. 
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plane.  Because  of  this,  two  different  orientations  for  the  final 
polarizer  (analyzer)  are  of  interest,  these  being  +  tt/4  and  -tt/4 
with  respect  to  the  x-y  plane. 


The  optical  intensity  that  reaches  the  detectors  exhibits  a 
sine  squared  relationship  as  a  function  of  the  applied  electric 
field.  The  optical  power  of  the  two  polarization  directions  of 
interest  are  out  of  phase  with  each  other  by  tt /2  .  With  an 
analyzer  oriented  at  -tt/4  with  respect  to  the  x-y  plane,  the 
transmitted  optical  intensity  with  zero  applied  electric  field  is 
nominally  zero.  When  a  1/4  wave  plate  is  added  to  the  optical 
configuration,  the  transmitted  optical  intensity  with  zero  applied 
electric  field  moves  to  the  inflection  point  of  the  sine  squared 
relationship  between  the  transmitted  intensity  and  the  applied 
electric  field.  This  results  in  maximum  sensor  linearity,  and  it 
is  referred  to  as  optical  biasing. 

For  the  optical  system  defined  in  Figure  1,  the  output  in¬ 
tensity  can  be  written  for  the  +  rr/4  and  -tt/4  final  polarizer 
directions  as  follows: 

I1  =  I  sin2  (  r  ( E )  /2  -  tt/4)  (1) 

I  _  =  I  sin2  (  T  (  E )  /2  +  tt/4)  (2) 

2  o 

where : 

I  =  input  optical  power 

T(E)=  induced  birefringence  due  to  the  applied  electric 
fields 
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Subsequently,  the  detected  optical  power  is  a  function  of  the 
applied  electric  field  in  a  sensor  which  utilizes  an  electro-optic 
crystal  as  a  sensing  element. 

The  majority  of  the  work  that  was  performed  during  the  Phase 
I  research  effort  was  with  Bi4(Ge04>3  ( BGO )  electro-optic  crys¬ 
tals.  This  is  because  it  was  apparent  very  early  in  the  experi¬ 
mental  effort  that  the  BGO  crystals  were  superior  to  the  KDP 
crystals  which  were  also  investigated  (see  section  2.2).  With  BGO 
crystals  two  directions  of  applied  electric  fields  are  of  in¬ 
terest.  Figure  2  shows  the  orientation  of  the  fast  and  slow  axes 
for  the  case  of  electric  fields  applied  along  the  <110>  and  <001> 
crystal  directions.  The  fact  that  the  principal  axes  for  the 
index  of  refraction  are  oriented  at  ir/4  with  respect  to  each  other 
for  the  electric  fields  applied  in  these  two  directions,  allows 
electric  field  sensitivity  only  along  the  <110>  or  <001>  crystal 
directions  with  the  proper  orientation  of  the  input  light  polari¬ 
zations.  For  example,  if  the  incident  light  is  polarized  at  ti/4 
with  respect  to  the  <001>  crystal  direction,  an  induced  birefrin¬ 
gence  will  occur  only  for  applied  electric  fields  in  the  <001> 
crystal  direction.  Similarly,  by  polarizing  the  incident  beam 
along  the  <001>  or  <110>  direction  birefringence  is  induced  oc¬ 
curring  only  for  electric  fields  applied  in  the  <110>  crystal 
direction . 

This  characteristic  of  BGO  and  other  43m  and  23  electro-optic 
crystals  allows  for  the  possibility  of  developing  an  electric 
field  sensor  with  uni-axial  electric  field  sensitivity.  Also,  by 
incorporating  two  optical  axes  in  a  single  electro-optic  crystal, 
two  independent  electric  field  sensors  with  orthogonal  directional 
sensitivities  are  created.  Figure  3  shows  a  schematic  of  a  single 
crystal  sensor  which  incorporates  two  optical  axes  and  the  polari¬ 
zer  and  analyzer  orientations. 
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Figure  3. 


A  AXIS  SENSITIVE  TO  E<uo>  ONLY 
B  AXIS  SENSITIVE  TO  E<001  >  ONLY 
Two  optical  axes  in  one  crystal 

By  incorporating  two  optical  axes  (A  and  B)  and  polarizing  axes  as 
shown  in  a  single  crystal,  independent  sensors  with  orthogonal 
directional  sensitivities  are  realized. 
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By  incorporating  two  electro-optic  crystals  mounted  ortho¬ 
gonally  in  a  single  head,  a  fiber  optic  electric  field  sensor  with 

3  axis  electric  field  sensitivity  is  created.  This  allows  for  the 
measurement  of  both  electric  field  strength  and  direction.  Figure 

4  shows  the  orientations  of  two  BGO  crystals  which  would  afford 
three-dimensional  electric  field  measurement  capabilities.  In 
this  case,  the  component  of  the  electric  field  in  the  x  direction 
is  measured  by  both  crystals. 


In  BGO  electro-optic  crystals,  the  induced  birefringence  as  a 
function  of  the  applied  electric  fields  in  the  <001>  and  <110> 
directions  is  found  to  be: 


r  (  E )  =  2  It  n  r ,  .  E  L 
-r —  O  4  1 


(3) 


for  fields  applied  along  the  <110>  direction  and 


r  ( E )  =  tt  n  r.,  E  L 
*r —  O  41 


(4) 


for  fields  applied  along  the  <0Q1>  direction, 


Where : 


<  •r.'M 


<■> 


jT*r+'. 


tY./ 


The  formal  derivation  of  this  result  is  given  in  Section  3.2 
of  this  report. 

Equations  (3)  and  (4)  show  that  the  electric  field  induced 
birefringence  is  directly  proportional  to  the  crystal  length.  The 
longer  the  crystal  along  the  <IlO>  crystal  direction,  the  greater 
the  induced  birefringence  for  a  given  applied  electric  field.  The 
Phase  I  research  effort  experimentally  determined  the  effect  of 
crystal  length  on  the  electric  field  induced  birefringence.  This 
is  a  quantitative  measure  of  how  the  crystal  length  affects  the 
linear  sensing  range  and  the  electric  field  sensitivity  of  a  fiber 
optic  electric  field  sensor. 

Because  the  electro-optic  effect  is  in  principle  very  fast 
(it  depends  on  the  movement  of  electrons  in  a  material),  it  will 
be  assumed  that  the  A.C.  bandwidth  will  be  limited  by  the  transit 
time  of  light  through  the  crystal  because  the  electric  field 
should  be  uniform  during  this  time. 

The  transit  time  as  a  function  of  crystal  length  is  found  to 

be : 

t  =  Ln 
— o 

C  (5) 

where : 

C  =  speed  of  light 

t  =  time  of  transit 

L  =  crystal  length 

nQ=  crystal  index  of  refraction 


The  transit  time  and,  therefore,  the  A.C.  measurement  band¬ 
width  capability  of  a  fiber  optic  electric  field  sensor  is  direct¬ 
ly  proportional  to  the  length  of  the  electro-optic  crystal  em¬ 
ployed.  The  shorter  the  crystal,  the  higher  the  A.C.  measurement 
bandwidth  capability  in  a  fiber  optic  electric  field  sensor.  The 
Phase  I  research  effort  investigated  the  effect  of  crystal  length 
on  sensor  A.C.  measurement  bandwidth  capability. 

The  Equations  (1)  and  (2)  can  be  re-expressed  in  the  follow¬ 
ing  form: 

I  =  I  /2  -  I  sin  T(E)/2  cos  T(E)/2  (6) 

1  o  o 

I2  =  1/2  +  IQ  sin  r(E)/2  cos  r(E)/2  (7) 

This  allows  the  sum  and  difference  of  these  two  equations  to  be 
written  as  follows: 


I  =  I,  +  I0  =  I 
sum  1  2  o 


=  lo  '  I,  =  2  I  sin  T(E)/2  cos  T(E)/2 
d  i  1 1  2  1  o 


The  sum-difference  output  becomes: 


=  2  sin  i'(E)/2  cos  I’(E)/2 


Equation  (10)  shows  that  the  sum-difference  output  is  in¬ 
tensity  invariant,  making  this  the  preferred  detection  scheme  for 
operating  a  fiber  optic  electric  field  sensor  in  environments 
where  fiber  darkening  might  occur,  or  where  input  light  intensity 
variations  are  anticipated.  This  output  detection  scheme  would 
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be  useful  for  an  electric  field  sensor  for  NEMP  research.  It  is 
also  useful  for  an  electric  field  sensor  for  the  measurement  of 
very  small  electric  fields.  This  is  because  intensity  noise 
associated  with  the  optical  source  is  eliminated  with  this  output 
detection  scheme. 

2 . 2  Comparison  of  Electro-Optic  Crystals  for  Electric  Field 
Sensors 


The  electro-optic  effect  has  been  utilized  in  both  bulk 
optical  and  fiber  optic  sensors.  The  majority  of  published  work 
has  been  geared  to  the  development  of  electric  field  sensors  for 
the  power  transmission  and  generation  industries  and  the  develop¬ 
ment  of  fiber  optic  voltage  sensors.  Only  one  paper  utilizes  a 
Bi^(GeO^)^  electro-optic  crystal(l).  This  work  did  not  utilize 
the  capability  of  a  single  BGO  crystal  to  operate  as  two  indepen¬ 
dent  sensors  with  orthogonal  directional  sensitivity.  In  fact, 
all  electro-optic  crystals  with  23  or  43m  point  group  symmetries 
have  this  capability.  Although  other  optical  sensors  have  been 
developed  with  crystals  having  these  point  group  symmetries,  this 
is  the  first  reported  time  that  the  capability  has  been  utilized 
in  an  optical  sensor . ( 2 , 3 , 4 )  It  is  felt  that  this  result  is 
unique  enough  to  mandate  beginning  the  motions  in  the  filing  of  a 
patent . 

Optical  electric  field  and  voltage  sensors  have  been  devel¬ 
oped  using  B  i  ^  2S  0  ^  2  '  ^  '  KDP^^'  ADA  (  5  )  ,  ADP(6) 
amd  KD*  P ( 7 ) ,  and  Bi^ (GeO^ ) ^ ( 1 > ,  electro-optic  crystals.  By  the 
proper  choice  of  crystal  geometry,  each  of  these  crystals  has  the 
capability  of  being  utilized  as  the  sensing  element  in  a  fiber 
optic  electric  field  sensor.  However,  for  the  reasons  discussed 
below,  Bi4(Ge04)-j  is  the  optimum  crystal  for  developing  an  elec¬ 
tric  field  sensor  for  lightning  research. 
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An  electro-optic  crystal  which  would  be  useful  as  a  sensing 
element  in  a  fiber  optic  electric  field  sensor  for  lightning 
research  must  have  the  following  physical  characteristics: 

1 )  Ruggedness 

2)  Insolubility  in  water 

3)  Insolubility  in  grease  removing  solvents 

4)  Small  electric  permeability 

5)  Large  electrical  resistance 

6)  No  pyro-electricity 

7)  No  optical  activity 

8)  No  natural  birefringence 

K DP  and  its  related  isomorphs  (ADA,  ADP,  KD*P)  exhibit  large 
electro-optic  effects.  These  crystals  are,  however,  both  hygro¬ 
scopic  and  water  soluble.  Subsequently,  in  order  to  prevent 
deterioration  of  the  crystals,  hermetic  sealing  is  required.  They 
are  of  crystal  point  group  42m,  which  results  in  a  very  tempera¬ 
ture  sensitive  electro-optic  r^  coefficient.  KDP's  low  thermal 
conductivity  in  conjunction  with  its  large  thermal  coefficient  of 
expansion  make  these  crystals  susceptible  to  fracture  during 
routine  handling.  In  addition,  KDP  and  its  related  isomorphs  have 
natural  birefringence  which  results  in  temperature  sensitivity  in 
an  electric  field  sensor.  These  crystal  properties  make  KDP  and 
its  related  isomorphs  difficult  to  utilize  in  a  fiber  optic 
sensor . 

Bi12Si02Q  and  Bi12Ge02Q  have  23  crystal  point  group  syme- 
tries,and  consequently,  they  exhibit  optical  activity.  This 
quality  makes  their  use  more  difficult  in  a  fiber  optic  electric 
field  sensor.  The  optical  activity  results  in  a  polarization 
rotation  occurring  during  an  optical  beam's  transit  through  a 


crystal.  The  fabrication  of  an  optical  sensor  becomes  signifi¬ 
cantly  more  difficult  because  of  this  polarization  rotation. 

B i ^ ( GeO^ ) j  has  all  of  the  qualities  listed  earlier  for  good 
candidate  materials  for  the  development  of  a  fiber  optic  electric 
field  sensor.  During  the  Phase  I  research  effort,  these  crystals 
proved  to  be  exceptionally  rugged,  not  soluble  in  the  typical 
solvents  used  for  cleaning  optical  components,  and  most  impor¬ 
tantly,  these  crystals  can  survive  a  direct  electrical  discharge. 
In  addition,  these  crystals  can  be  easily  cut  to  a  geometry  which 
makes  their  linear  sensing  range  and  A.C.  measurement  bandwidth 
capabilities  applicable  to  the  measurement  requirements  of  the 
lightning  research  field. 


3.0  Phase  I  Results 


3 . 1  Summary 

GEO-CENTERS,  INC.  Phase  I  research  goal  was  to  investigate 
the  feasibility  of  developing  a  fiber  optic  electric  field  sensor 
based  on  the  electro-optic  effect  for  lightning  research  applica¬ 
tions.  Bi4(Ge04)3,  ( BGO )  ,  and  K  H  ^  (P04>  ( KDP )  were  cited  by 
GEO-CENTERS,  INC.  as  electro-optic  crystals  whose  electrical  and 
optical  properties  make  them  good  electro-optic  crystals  for 
developing  an  electric  field  sensor.  The  theoretical  calculations 
which  were  used  as  the  basis  for  the  selection  of  BGO  and  KDP 
crystal  geometries  are  presented.  Experimental  results  from  tests 
performed  at  GEO-CENTERS,  INC.  Boston  Laboratory  facility  as  well 
as  at  AFWAL/FI ESL  facility  in  Dayton,  Ohio  show  the  feasibility  of 
utilizing  this  technology  for  the  measurement  of  both  D.C.  and 
A . C .  electric  fields.  These  results  are  used  to  substantiate  the 
conclusion  that  BGO  is  not  only  the  best  available  electro-optic 
crystal  for  this  application,  but  that  a  sensor  using  this  ma¬ 
terial  promises  to  be  useful  for  a  wide  range  of  electric  field 
measurement  applications. 

3 .2  Theory 

The  theory  section  shows  the  derivation  of  the  induced  bire¬ 
fringence  with  applied  electric  field  for  BGO  and  KDP  cyrstals. 
The  theoretical  basis  for  the  unique  capability  of  a  single  BGO 
crystal  to  operate  as  two  independent  electric  field  sensors  with 
orthogonal  directional  sensitivities  is  derived.  The  theory  also 
shows  that  crystals  with  point  group  symmetry  43m,  such  as  BGO, 
are  clearly  superior  for  use  in  electric  field  sensors,  when 
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compared  to  crystals  of  point  group  symmetry  42m  such  as  KDP.  The 
theoretical  results  are  summarized  in  Section  2.1  of  this  report. 

The  fiber  optic  electric  field  sensor  is  based  on  induced 
birefringence  in  electro-optic  crystals  resulting  from  the 
electro-optic  effect.  The  electro-optic  effect  is  a  well  under¬ 
stood  phenomenon  in  which  the  indices  of  refraction  of  an  electro¬ 
optic  crystal  change  when  an  electric  field  is  applied.  The 
resulting  indices  of  refraction  can  be  described  by  the  index 
ellipse  or  indicatrix  represented  by  the  following  equation: 


ijk(Vn  ^  +  rijk  V  xixj  =  1 


where : 


Xi  '  X  j 


the  electro-optic  coefficients  which  are  specific  to 
a  given  electro-optic  crystal. 

the  polarization  directions  of  the  light  propagating 
in  the  crystal  (perpendicular  to  the  direction  of 
light  propagation). 

the  index  of  refraction  along  a  given  crystal  direc¬ 
tion  (only  valid  for  i  =  j). 

the  electric  field  applied  in  the  k  direction. 


Equation  (11)  is  the  equation  of  an  ellipsoid  whose  ellipti- 
c i ty  changes  as  a  function  of  applied  electric  field.  For  light 
propagating  along  a  given  crystal  direction,  the  eigenvalues  of 
Equation  (11)  are  evaluated  on  the  plane  perpendicular  to  the 
direction  of  light  propagation  in  order  to  determine  the  indices 
of  refraction  for  the  two  normal  modes  of  propagation.  If  these 
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two  eigenvalues  differ,  then  the  speed  of  light  polarized  along 
one  eigenvector  will  be  different  than  the  speed  of  light  polari¬ 
zed  in  the  orthogonal  direction,  and  the  relative  phase  difference 
between  these  polarizations  will  change  during  the  transit  of  the 
crystal.  The  induced  birefringence  with  applied  electric  field 
can  be  calculated  from  this  change  in  phase. 

The  induced  birefringence  is  found  to  be: 


r.  =  r\  „  -  r  =  LKk.-k.)  -  (k  .-k  .)] 

in  tot  nat  1  j  01  oj 


where : 


kol'  Vj 

ki'  kj 


electrically  induced  birefringence 
natural  birefringence 
total  birefringence 
crystal  length 

the  wave  number  of  the  normal  modes  of  propagation 
the  wave  number  of  the  normal  modes  of  propagation 
with  applied  field 


substituting,  k  =  2 Tin  into  equation  (12) 


2jtL(  (  n  .-n  .  ) 
i  1  J 


( n  . -n  .  ) 
oi  oj 


=  2  tt  (  An  .  -  An  .  ) 
-r~  1  J 


where : 


n  .  ,  n 
oi  o  j 


n  .  ,  n  . 
i  J 


indices  of  refraction  of  the  normal  modes  of  prop¬ 
agation 

indices  of  refraction  of  the  normal  modes  of  prop¬ 
agation  with  applied  field 
wavelength  of  incident  light 
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An^  is  the  change  in  index  of  refraction  in  the  1  direction  with 
applied  electric  field;  using: 

8  (  1  \  =  -2  dn. 

~  2  /  3  1  (14) 

3n  \  n .  /  n  . 

\  1  /  oi 

and  approximating  that  dn  =  An  we  find: 


An.  =  -n  . 
l  oi 


substituting  equation  (15)  into  equation  (13): 


F .  =  nL  n  . ' 

in  -r —  oi 


-n 

oj 


The  n^  and  n^  terms  are  often  dependent  on  the  electro-optic 

coefficients  r .  . ..  Relationships  between  these  coefficients  are 
i  j  k 

determined  by  a  crystal's  lattice  type  and  point  group  symmetry. 
For  instance,  all  cubic  43m  lattices  have  an  r...  matrix  of  the 

1  J  K 

form: 

where  a  contracted  notation  has 
been  used. 
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Equation  (11)  can  be  used  to  calculate  n^  and  n.,  and. 


An^  an<3 


An  . 
J 


for  the  normal  modes  of  the  crystal.  This 


order  to  calculate  in  an  electro-optic  crystal. 


therefore , 
is  done  in 


Now,  to  apply  this  theory  to  a  BGO  crystal.  This  crystal  has 
43m  symmetry  and  has  been  cut  into  a  rectangle  with  edges  <IlO>, 
<110>,  and  <001>  as  shown  in  Figure  5.  This  crystal  orientation 
has  been  chosen  because  ^t  leads  to  a  transverse  effect  that  is 
both  large  and  simple  to  test  experimentally.  The  indicatrix  for 
a  BGO  crystal  with  43m  lattice  is  found  from  equations  (11)  and 
(17)  (using  the  contracted  notation): 

1  =  1  (xx2  +  x22  +  x32)  +  2  r41  (E3x2x3  +  E2  x  1  x3  +  E3X1X2*  <18> 

n  2 
o 

where : 

2  2  2  2 

nQ  =  nQl  =  nQ2  =  nQ3  as  BGO  is  an  isotropic  crystal. 

Rotating  coordinates  ti/4  ,  as  shown  in  Figure  6,  about  the  <001>  in 
equation  18  yields: 

(X1  '  2+x2 ' 2  +  x3 ' 2  >  +  2r41  (A^E^'-Ej'  )  (x^x^-x^Xj1  )  + 

S~2 

(E1,4-E2')(x1,x3,+x2'x3')]  +  r41  E3’  (x1'2-x2’2)  (19) 

where : 


X1  “  _A  (*i  ’-x2  '  > 
/2 
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X’i  <1 10  > 


<  100  > 


Figure  6.  Axes  rotation 


Rotate  axesn/4  about  the  direction. 
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£+  =  (E1,+E2* ) 


£-  =  (E^-E^  ) 

The  induced  birefringence  with  applied  electric  field  will 
now  be  calculated  for  electric  fields  applied  along  <110>,  <001>, 
and  <TlO>  crystal  directions. 

For  E  applied  along  <110>  (x^1  direction)  equations  (20)  and 
(21)  yield  the  following  eigenvalues: 

_1  =  _L_  +  r41  |e I  (22) 

2  2 

n  n 

o 

The  eignvectors  for  this  case  are  oriented  at  +  and  -  n  / 4 
with  respect  to  the  <001>  crystal  direction.  The  relative  index 
of  refraction  change  between  these  two  axes  is  therefore: 


=  _1  -  _J_  =  2r  |  i\ 

2  2 
n  n 

o 


substituting  equation  (13)  into  equation  (16)  yields: 


r .  =  2  tt  n  r. ,  LE 

in  -t —  o  41 


For  E  applied  along  <001>  (x^'  =  x^  direction)  equations  (20) 
and  (21)  yield  the  following  eigenvalues: 


_1  =  _J_  +  r^ 

2  2 
n  n 

o 


and  1  =  1 

2  2 
n  n 

o 
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electric  field  sensors  with  orthogonal  directional  sensitivity  are 
realized. 

An  analysis  of  the  electric  field  induced  birefringence  in 

KDP  proceeds  in  a  manner  similar  to  the  preceeding  calculation  for 

BGO .  Again,  the  light  is  propagating  in  the  <110>  direction  in 

order  to  have  a  transverse  effect;  however,  the  fact  that  KDP  has 

the  42m  crystal  symmetry  results  in  r^  =  r^  /  r^  and  n - 2  =  n — 

j-  - —  ,  leads  to  a  much  more  complicated  expression  for  the 

n0  3  2 

electric  field  induced  birefringence,  when  it  is  compared  to  BGO. 

The  results  for  KDP  indicate  that  both  the  eigenvectors  and 
the  eigenvalues  are  dependent  on  the  applied  field.  The  compli¬ 
cations  that  this  dependence  creates  makes  the  results  of  these 
calculations  difficult  to  interpret  and  require  lengthly  analysis. 
As  such,  these  calculations  are  reserved  for  Appendix  A. 

The  directional  electric  field  sensitivity  shown  in  BGO  does 
not  exist  in  KDP.  Hence,  more  complicated  deconvolution  would  be 
required  to  extract  data  from  a  KDP  crystal.  The  dependence  of 
the  eigenvectors  on  the  field  further  complicates  the  use  of  KDP 
in  an  electric  field  sensor  since  the  magnitude  of  a  component  of 
incident  light  along  the  principle  axes  changes  as  the  principle 
axes  change  direction  with  the  applied  field. 

The  results  show  that  BGO  is  an  ideal  choice  for  the  devel¬ 
opment  of  a  fiber  optic  electric  field  sensor  based  on  the 
electro-optic  effect.  A  sensor  developed  using  BGO  would  have 
un i -d i rect ional  sensitivity.  By  incorporating  two  optical  axes  in 
a  single  crystal,  two  sensors  with  orthogonal  directional  sensi¬ 
tivities  can  be  created.  This  would  allow  for  the  development  of 
an  electric  field  sensor  which  is  capable  of  measuring  both  elec¬ 
tric  field  strength  and  direction  with  only  two  BGO  crystals. 
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The  calculations  predict  that  if  the  light  is  polarized  +  45° 
from  the  <001>  axis  the  crystal  will  be  sensitive  only  to  fields 
in  the  <001>  direction.  On  the  other  hand,  if  the  incident  light 
is  polarized  along  either  the  <001>  or  <110>  direction  the  crystal 
will  be  sensitive  to  E-fields  in  the  <110>  direction  only.  On  the 
basis  of  the  calculations,  rectangular  BGO  crystals  were  cut  with 
edges  along  the  <110>,  <110>  and  <001>  directions. 

3 . 3  Experimental  Results 

GEO-CENTERS,  INC.'s  experimental  effort  concentrated  on 
demonstrating  the  feasibility  of  utilizing  an  electro-optic  crys¬ 
tal  as  a  sensing  element  in  a  fiber  optic  electric  field  sensor 
with  measurement  capabilities  applicable  to  the  lightning  research 
area.  This  section  first  describes  the  instrumentation  which  was 
used  to  make  the  measurements,  and  experimental  results  are  then 
presented  which  show  the  electro-optic  crystals'  response  to  D.C. 
electric  fields.  Results  from  experiments  performed  to  charac¬ 
terize  electro-optic  crystals'  A.C.  electric  field  sensitivity  are 
given.  The  results  from  these  experiments  show  that  a  fiber  optic 
electric  field  sensor  can  be  developed  using  a  BGO  crystal  which 
has  capabilities  that  make  it  excellently  suited  to  lightnino 
research  applications. 

3.3.1  Instrumentation 

When  linear  polarized  light  travels  through  a  birefringent 
material,  the  light  becomes  elliptically  polarized.  In  order  to 
measure  the  birefringence  an  ellipsometer  is  used.  Figure  8  shows 
the  set-up  of  the  breadboard  ellipsometer  used  at  GEO-CENTERS, 
INC.  to  make  measurements  of  electric  field  induced  birefringence. 
The  ellipsometer  consists  of  an  input  polarizer,  a  linear  compen- 
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sator  (a  variable  wave  plate  typically  used  as  a  1/4  wave  plate), 
a  Wollaston  prism  (used  as  an  analyzer),  and  one  or  two  photo¬ 
detectors  used  to  monitor  the  light  intensity  transmitted  through 
the  system.  Test  plates  were  incorporated  into  the  breadboard  el- 
lipsometer  to  produce  electric  fields.  The  test  plates  are  made 
of  copper  cladded  circuit  board  and  are  held  apart  by  either  1  cm 
or  2  cm  PVC  spacers. 

the  Wollaston  prism  aligned  at 
and  slow  axis  we  find: 

(28) 

(29) 

where : 


With  the  input  polarizers  and 
tt/4  with  respect  to  the  induced  fast 


1+  =  t+  =  sin  r(E)  -  F(LC) 


I-  =  T-  =  sin  r(E)  +  r(LC) 


1  + 


I- 


=  transmitted  intensity  along  the  input  polarization 
direction 

=  transmitted  intensity  orthogonal  to  the  input  polari¬ 
zation  direction 
=  total  incident  intensity 

=  %  transmission  along  the  input  polarization  direction 
=  %  transmission  orthogonal  to  the  input  polarization 

direction 

r(E)  =  induced  birefringence  with  applied  electric  field 
r(LC)=  birefringence  due  to  the  linear  compensator  (adjust¬ 
able) 


I 

o 

T+ 


T- 
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In  order  to  make  measurements  of  the  induced  birefringence, 
the  input  polarizer  is  aligned  at  -n/4  with  respect  to  the  induced 
fast  and  slow  axes  of  the  electro-optic  crystal.  For  BGO  this 
orientation  is  at  tt/4  with  respect  to  the  <001>  crystal  direction 
for  electric  field  sensitivity  only  along  the  <001>  direction,  or 
aligned  with  the  <001>  crystal  direction  for  electric  field  sen¬ 
sitivity  only  along  the  <110>  crystal  direction.  The  linear 
compensator  is  oriented  so  that  its  fast  and  slow  axes  are  aligned 
with  the  crystal  fast  and  slow  axes.  The  compensator  is  adjusted 
so  that  the  transmitted  optical  intensity  is  at  the  inflection 
point  of  the  sine  squared  relationship  between  birefringence  and 
the  transmitted  optical  intensity  as  represented  in  Equations  (28) 
and  (29).  This  provides  the  maximum  sensitivity  to  electric  field 
induced  birefringence  and  is  referred  to  as  optical  biasing. 


The  Wollaston  prism  orientation  is  adjusted  so  that  its 
output  polarizations  are  aligned  with,  and  orthogonal  to,  the 
input  polarization  direction.  The  photodetectors  and  amplifiers 
are  chosen  to  meet  a  given  experimental  gain  and  bandwidth  re¬ 
quirement. 


The  system  described  above  can  be  used  in  many  different  ways 
to  make  useful  measurements.  For  instance,  if  both  output  polari¬ 
zations  are  monitored,  the  difference  in  the  two  transmitted 
intensities  can  be  measured.  If  we  are  nominally  biased  at  the 
inflection  point  as  given  by  Equations  (28)  and  (29),  the  initial 
difference  will  be  zero.  With  applied  electric  field,  the  dif¬ 
ference  will  become  non-zero.  The  linear  compensator  can  then  be 
adjusted  to  "null"  the  difference  signal.  The  change  in  the 
birefringence  introduced  by  the  linear  compensator  becomes  a 
direct  measurement  of  the  electric  field  induced  birefringence. 
This  technique  is  best  utilized  for  making  measurements  of  small 
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changes  in  birefringence  (~1°).  For  many  measurement  applica¬ 
tions,  the  birefringence  changes  are  large  enough  to  allow  the 
measurements  of  the  electrically  induced  birefringence  to  be  made 
by  monitoring  only  the  change  in  transmission  of  one  of  the  output 
polarizations.  This  is  the  case  for  the  majority  of  the  experi¬ 
ments  in  the  Phase  I  research  effort. 

For  measuring  the  induced  birefringence  in  an  electro-optic 
crystal  with  applied  D.C.  electric  field,  the  ellipsometer  as 
described  above  was  used  (with  a  single  photodetector).  A  Meret 
PIN  diode  was  used  as  the  photodetector.  The  photodetector  moni¬ 
tors  the  intensity  change  of  the  output  polarization  state.  The 
photodetector  circuit  is  shown  in  Figure  9.  For  the  initial 
measurements  resistor  R  was  5.1k  ft.  In  later  experiments,  R  was 
replaced  by  a  39  kft  resistor  which  affords  better  measurement 
sensitivity.  In  all  cases,  the  PIN  circuit  output  is  monitored  by 
a  Fluke  model  77  handheld  multimeter.  The  power  supplies  for  the 
test  plates  were  an  Ortec  -3KV  to  3KV  power  supply  and  a  Sorensen 
zero  to  30KV  power  supply.  This  set  up  is  shown  schematically  in 
Figure  10. 

3.3.2  Response  to  Applied  Electric  Fields 

3. 3. 2.1  D.C.  Measurements 


Experiments  were  performed  to  characterize  the  response  of 
electro-optic  crystals  to  D.C.  applied  electric  fields.  These 
experiments  were  done  in  order  to  investigate  the  linear  sensing 
range  afforded  by  different  electro-optic  crystals  if  incorporated 
in  a  fiber  optic  sensor.  The  purpose  of  this  investigation  is  to 
empirically  determine  which  electro-optic  crystals  should  be 
incorporated  in  a  sensor  for  a  given  measurement  requirement. 
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Both  BGO  and  KDP  crystals  were  utilized  in  these  experiments.  The 
geometries  of  the  crystals  are  given  in  Table  1  below: 


TABLE  1 

Crystal  Geometries  Incorporated  for  D.C.  Electric  Field  Tests 


BGO  KDP 


<110> 

<001> 

<110> 

<110> 

<001> 

<110> 

5 

mm 

3  mm 

2  mm 

5  mm 

2  mm 

3 

mm 

10 

mm 

6  mm 

5  mm 

10  mm 

5  mm 

6 

mm 

20 

mm 

6  mm 

5  mm 

20  mm 

5  mm 

6 

mm 

3 . 3. 2.  I  .  1  BGO 

Experiments  with  5mm  BGO  crystals  established  the  linearity 
of  the  crystals  response  to  applied  electric  field.  Figure  11 
shows  that  in  the  range  -2.9xl05  V/m  to  2.9xl05  V/m  the  sensor's 
response  to  the  applied  electric  field  is  quite  linear.  The  two 
data  sets  on  this  plot  are  for  the  two  different  output  polariza¬ 
tion  states.  As  predicted  by  Equations  (28)  and  (29),  the  trans¬ 
mission  of  one  polarization  increases  while  the  transmission  of 
the  other  polarization  decreases.  The  data  also  exhibited  no 
hysteresis  indicating  that  the  crystals  do  not  change  after  being 
placed  in  an  electric  field. 

Figure  12  shows  the  predicted  directional  sensitivity  of  the 
5  mm  BGO  crystal.  Here,  the  incident  light  is  polarized  at  tt  /4 
with  respect  to  <001>  crystal  direction.  The  crystal  is  only 
marginally  sensitive  to  fields  in  the  <110>  direction.  The  slight 
apparent  sensitivity  to  fields  in  the  <110>  direction  can  easily 
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be  accounted  for  by  ellipsometer  misalignments  and  inexact  crystal 
axes  orientation.  By  rotating  the  linear  polarizer  u  /4  and  ro¬ 
tating  the  linear  compensator  u  /4  from  vertical,  the  directional 
sensitivity  of  the  crystal  changed.  Now  the  crystal  was  very 
sensitive  to  fields  in  the  <110>  direction  and  only  slightly 
sensitive  to  fields  in  the  <001>  direction.  This  situation  is 
shown  in  Figure  13.  The  apparent  sensitivity  of  the  crystal  to 
fields  in  the  <001>  direction  can  again  be  accounted  for  by  mis- 
al  ignments . 

Equation  16  indicates  that  the  induced  birefringence  in  an 
electro-optic  crystal  with  applied  electric  field  is  dependent  on 
the  length  of  the  crystal.  The  longer  the  crystal,  the  larger  the 
induced  birefringence  for  a  given  applied  electric  field.  This 
suggests  that  a  longer  crystal  would  more  easily  detect  a  small 
electric  field.  However,  longer  crystals  might  exhibit  so  much 
induced  birefringence  that  the  response  is  no  longer  linear.  This 
non-linearity  is  caused  by  the  non-linearity  of  the  sine  squared 
relationship  between  the  transmitted  optical  intensity  and  the 
induced  birefringence  as  represented  in  Equations  (28)  and  (29). 
Figure  14  compares  the  responses  of  the  5mm,  10mm,  and  20mm  crys¬ 
tals.  Note  that  each  crystal  exhibits  a  linear  relationship  over 
the  entire  range  of  the  applied  electric  field.  Figures  15,  16, 
and  17  show  the  response  of  the  5  mm,  10  mm,  and  20  mm  crystals 
respectively  over  a  limited  range  of  the  applied  electric  field. 
These  data  clearly  shows  the  effect  of  crystal  length  on  the  D.C. 
measurement  capability  (linear  sensing  range),  for  BGO  crystals. 
A  20mm  crystal  can  more  accurately  detect  a  smaller  electric  field 
as  the  signal  to  noise  ratio  increases  with  crystal  length. 
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gure  12.  Change  in  transmission  versus  applied  fields  for 
5mm  BGO  crystal. 
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igure  17.  Change  in  transmission  versus  applied  field 
in  BGO. 
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3. 3.2 . 1 .2  KDP 

In  contrast,  the  KDP  crystals  showed  none  of  the  useful 
characteristics  shown  by  the  BGO.  Instead,  the  KDP  exhibited  an 
oscillating  birefringence  with  no  applied  field  as  shown  in  Figure 
18.  This  means  that  the  two  output  polarization  do  not  establish 
a  steady  value  from  which  changes  could  be  measured. 

The  KDP  crystal  did  exhibit  large  depolarization  effects. 
This  means  that  when  the  crystal  was  put  into  a  quickly  changing 
field  the  bi ref r ingence  was  initially  changed  signif icantly  but 
then  reduced  to  the  no  field  level  again.  Upon  turning  the  field 
off,  the  same  type  of  behavior  was  observed.  These  depolarization 
effects  occurred  too  quickly  to  allow  any  useful  data  to  be  taken 
on  the  KDP  crystals. 

Depolarization  effects  such  as  the  ones  observed  with  KDP  are 
often  caused  by  some  conducting  layer  that  is  in  contact  with  the 
entire  surface  of  the  crystal.  This  layer  acts  as  a  charge  carry¬ 
ing  medium  allowing  charges  to  reduce  their  potential  energy. 
Hence,  the  external  field  will  be  cancelled  out  as  the  result  of 
the  charge  movement  (Figure  19). 

Since  KDP  is  not  a  rugged  crystal  it  is  not  easily  cleaned  of 
these  layers.  In  addition,  the  hygroscopic  nature  of  KDP  probably 
causes  the  surface  to  react  with  the  moisture  in  air  and  this 
creates  a  mobile  surface  layer.  Depolarizing  effects  were  also 
observed  with  the  BGO  crystals.  However,  due  to  the  ruggedness  of 
the  crystal,  the  crystal  could  be  cleaned  simply.  After  cleaning 
with  acetone  the  depolarizing  effects  were  no  longer  observed. 
Indications  are  that  in  BGO  cleaning  is  required  only  on  a  monthly 
basis. 


PIN  OUTPUT  VOLTAGE  (VOLTS 


0G0  - 


0  40  - 


RESULTS  FROM  KOP  CRYSTAL 


TIME  (SEC) 


Figure  18.  Observed  output  fluctuations  in  KDP  crystal.  No  electric  field 
applied. 
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In  conclusion,  KDP  electro-optic  crystals  are  not  a  viable 
crystal  choice  for  an  electric  field  sensor.  By  contrast,  the 
behavior  of  BGO  is  consistent  and  reliable.  It  displays  linear 
response  over  a  large  range.  The  upper  and  lower  extents  of  this 
sensing  range  were  not  determined  explicitly.  On  the  upper  end 
the  air  began  to  break  down  at  around  1.2x10**  V/m  limiting  our 
ability  to  test  the  crystal  at  larger  D.C.  voltages.  On  the  low 
end,  fields  as  low  as  2x10  V/m  were  measured.  With  improved 
photodetectors/amplifiers,  which  are  easily  developed  fields  of 
approximately  1  V/m,  should  be  measurable  with  a  10  mm  or  20  mm 
BGO  crystal.  The  BGO  crystal  exhibits  excellent  directional 
sensitivity.  This  directional  sensitivity  makes  the  crystal  quite 
useful  for  developing  a  3  axis  sensor  system  capable  of  measuring 
electric  field  strength  and  direction.  BGO  is  an  excellent  candi¬ 
date  for  a  viable  electro-optic  crystal  for  developing  a  fiber 
optic  D.C.  electric  field  sensor. 


3. 3. 2. 2  A. C .  Measurements 


In  addition  to  D.C.  measurements  which  were  done  to  measure 
the  effect  of  crystal  length  on  sensor  linear  sensing  range,  A.C. 
measurements  were  also  made.  The  objective  in  the  A.C.  measure¬ 
ments  was  to  determine  the  feasibility  of  using  the  BGO  crystal  as 
a  sensing  element  in  a  fiber  optic  electric  field  sensor  for 
lightning  research.  This  sensor  must  be  capable  of  making  mea¬ 
surement  of  large,  pulsed  fields.  Values  for  electric  fields  of 
interest  in  this  research  area  are  3x10^  V/m  in  a  ps  time  period. 
In  addition  the  crystals  must  be  rugged  enough  to  survive  a  direct 
discharge  since  the  crystals  may  be  exposed  to  direct  hits.  From 
the  discharges  observed  in  the  D.C.  measurements,  the  BGO  is 
clearly  rugged  enough. 
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In  order  to  show  feasibility  in  this  area,  GEO-CENTERS,  INC. 
used  a  transformer  driven  spark  gap  device  to  generate  a  ramp 
voltage  which  peaks  at  2.5x10  v  in  1.2  us.  This  ramp  is  followed 
by  exponentially  damped  ringing.  The  period  of  the  ringing  is 
about  100  ns.  The  pulse  is  shown  in  Figure  20.  Here  a  Tektronix 
high  voltage  probe  attached  across  the  pulse  generator’s  terminals 
was  used  to  provide  a  signal  for  the  storage  scope.  This  pulse 
has  the  cha racter i st ics  necessary  to  test  the  feasibility  of  the 
BGO  crystal  for  lightning  research  appl icat ions . 

The  ellipsometer  configuration  for  the  A.C.  measurements  was 
the  same  as  that  used  for  the  D.C.  measurements.  Avalanche  Photo 
Diodes  (APDs)  were  used  as  detectors  since  they  have  large  gain 
and  high  bandwidth  capab i 1 i t ies .  GEO-CENTERS,  INC.  has  two  APDs. 
APD  1  has  a  bandwidth  of  100  MHZ,  while  the  other,  APD  2,  has  a 
bandwidth  of  10  MHZ.  Both  of  these  APDs  are  capable  of  tracking 
the  1.2  jus  ramp.  Only  APD  1,  however,  is  suitable  for  measuring 
the  ringing  phenomenon.  One  of  the  output  polarizations  was 
focussed  into  an  optical  fiber  which  was  used  to  transmit  the 
output  light  to  a  different  room  for  these  experiments.  Only  then 
was  the  APD  sufficiently  shielded  from  the  radiation  given  off  by 
the  pulse  generating  equipment.  This  experimental  set-up  is  shown 
in  Figure  21. 

The  APDs  electrical  output  was  monitored  on  a  Tektronix  7623A 
storage  oscilloscope  with  a  7A18  dual  trace  amplifier  plug-in  and 
a  7B85  delaying  time  base  plug-in.  A  scope  camera  was  used  to 
record  the  data  on  film  for  later  analysis. 

The  initial  experiments  were  done  with  the  5  mm  BGO  crystals. 
The  ellipsometer  was  set  up  to  ensure  sensitivity  to  fields  in  the 
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Expo - i me nt a  1  setup  for  AC  measurements 


< 0 0 1  >  direction  only.  Correspondingly,  the  fields  were  only  ap¬ 
plied  in  that  direction.  For  these  experiments,  APD  2  was  used. 
The  results  are  shown  in  Figure  22.  The  upper  trace  is  the  sen¬ 
sor's  response.  The  lower  trace  is  the  high  voltage  probe's  re¬ 
sponse.  Clearly  the  sensor  is  following  the  ramp  voltage.  In 
addition,  the  ringing  is  shown,  indicating  that  the  sensor  tracks 
field  oscillations  with  100  ns  period.  The  reliability  of  the 
sensor  is  demonstrated  by  Figure  23.  This  figure  shows  the  super¬ 
position  of  5  traces  from  5  different  applied  pulses. 

Next  the  linearity  of  the  system  under  these  conditions  was 
tested  using  APD  1.  Since  this  APD  is  A.C.  coupled,  in  order  to 
get  the  optical  biasing  information  necessary  to  insure  maximum 
sensitivity  and  to  allow  for  the  calculation  of  changes  in  trans¬ 
mission,  a  beam  chopper  was  used  to  make  the  nominally  steady 
state  transmission  an  A.C.  signal.  The  optical  biasing  results 
are  shown  in  Figure  24a  and  24b.  Figure  24a  shows  the  maximum  op¬ 
tical  power  available.  Figure  24b  indicates  the  optical  biasing. 
The  biasing  is  at  about  one-half  maximum  power.  The  results  from 
two  trials  are  tabulated  in  the  Table  2  below: 

TABLE  2 

Optical  Biasing  Information 


V.  . 
bias 


max 


nominal  bias 


trial  1 
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1.1V 


64% 
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a)  Maximum  optical  power 


b)  Biasing  approximately  V2  maximum. 
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Figure  24.  Representative  optical  biasing  information. 
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Ideal  optical  biasing  would  result  in  a  nominal  bias  of  50%,  but 
the  biasing  shown  in  Table  2  is  adequate  for  preliminary  measure¬ 
ments  . 


Two  different  pulse  magnitudes  were  used  and  the  electric 
fields  were  applied  in  both  the  <001>  and  the  <001>  directions. 
The  pulse  magnitudes  were  2.5x10^  V/m  and  1.25x10^  V/m .  This 
change  was  created  by  changing  the  capacitor  plate  spacing.  In 
each  case,  the  pulse  length  is  about  lps.  The  sensor's  response 
to  the  different  pulses  can  be  seen  in  Figures  25a,  25b,  26a,  and 
26b.  Numerical  results  are  tabulated  below  along  with  change  in 
transmission  values: 


TABLE  3 


Tabulated  Results  from  A.C 

Applied  Electric 
Field  (V/m) 


+  2.5  x  106 
+  1.25  x  106 

-  1.25  x  106 

-  2.5  x  106 


Electric  Field  Measurements 

%  Transmission 
_ Change 

9.8 

3.6 

-5.3 

-9.1 


The  linearity  of  the  sensor  is  demonstrated  by  the  fact  that 
the  change  in  transmission  approximately  doubles  when  the  applied 
field  is  doubled.  In  addition,  reversing  the  applied  field  pola¬ 
rity  reverses  the  sign  of  the  transmission  change.  Deviations 
from  a  linear  response  are  most  likely  due  to  changes  in  the 
nominal  optical  biasing,  which  occur  when  the  applied  electric 
field  amplitude  was  changed. 


GEO-CENTERS  INC. 


1  •  ‘ 


a)  Electric  field  applied  in  positive  direction. 


b)  Electric  field  applied  in  negative  direction 


Figure  25.  5  mm  sensor's  response  to  electric  field  pulse. 

Verticle  scale  0.5  Volts/Div. 

Horizontal  scale  0.2  usec./Div. 

Applied  field  ?.50-10^(M) 


a)  Electric  field  applied  in  positive  direction. 


b)  Electric  field  applied  in  negative  direction. 


5mm  sensor's  response  to  electric  field  pulse. 
Verticle  scale  0.5  Volts/Div. 

Horizontal  scale  0.2  nsec./Div. 

Applied  field  1.25-10^  ($). 
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As  described  in  Section  3.2,  the  sensor's  induced  birefrin¬ 
gence  is  proportional  to  the  length  of  the  crystal,  the  longer  the 
crystal  incorporated,  the  more  sensitive  the  device.  However, 
because  of  the  finite  velocity  of  light,  if  the  crystal  gets  too 
long,  the  response  of  the  sensor  will  no  longer  follow  a  quickly 
changed  field  faithfully.  To  explore  the  limitations  of  crystal 
length  and  bandwidths,  different  length  crystals  were  used  to 
measure  quick  pulses.  The  first  pulse  keyed  on  was  the  1  ps  ramp 
pulse.  The  results  are  shown  in  photographs  taken  of  the  storage 
scope  screen.  Figures  27 a,  27b  and  27c.  Note  that  for  each  crys¬ 
tal  length,  the  traces  exhibit  the  same  characteristics  of  a  ramp 
down  followed  by  an  abrupt  return  to  zero  and  decaying  oscilla¬ 
tions.  Clearly,  all  these  lengths  introduced  no  significant 
distortion  of  the  1  us  pulse.  In  addition,  all  crystals  followed 
the  ringing  phenomenon. 

As  predicted,  the  20  mm  crystal  exhibited  the  largest  trans¬ 
mission  change,  while  the  5  mm  crystal  exhibited  the  smallest. 
The  changes  in  transmission  are  tabulated  below: 

TABLE  4 


The  Effects  of  Crystal  Length  on  A.C.  Measurement  Response 


Crystal  Length 
20  mm 
10  mm 
5  mm 


%  Transmission 
35 

17.5 

7.5 


These  values  confirm  the  predicted  linear  relationship  between 
change  in  transmission  and  crystal  length.  A  crystal  length  of 
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a)  20  mm  Crystal  — 


200  mV  at  200  ns 
Div  Div 


b)  10  mm  Crystal  — 


100  mV  at  200  ns 

1317  Div 


c)  5  mm  Crystal  — 


100  mV  at  200  ns 
Div  Div 


Figure  27. 


A  comparison  of  the  response  of  different 
length  BGO  crystals  to  the  same  pulse. 
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30  mm  to  40  mm  would  still  afford  linear  response  with  this  ap¬ 
plied  electric  field. 

Since  all  the  crystals  tracked  the  1  ps  ramp  portion  of  the 
pulse,  the  ability  of  a  crystal  to  track  the  ringing  phenomenon 
was  investigated  since  its  period  of  oscillation  is  much  less  than 
1  ps .  The  results  of  this  test  are  shown  in  Figures  28a  and  28b. 
Note  that  though  the  sensor  and  probe  are  not  completely  in  phase, 
both  the  20mm  and  10mm  crystals  track  the  ringing  phenomena.  This 
response  is  also  greater  for  the  20mm  crystals  as  is  predicted. 

The  excellent  sensitivity  to  the  applied  electric  field  shown 
by  the  20  mm  crystal  suggested  that  this  crystal  would  be  appli¬ 
cable  for  small  field  measurements.  Success  in  these  tests  opens 
up  new  areas  for  applications  for  the  fiber  optic  electric  field 
sensor.  To  simulate  small  fields,  a  B  and  K  Precision  3020 
Sweep/Function  Generator  was  used  to  supply  voltage  to  the  plates. 
This  function  generator  is  capable  of  supplying  20  volts.  Using 
the  plates  with  1  cm  spacing  gives  a  field  of  only  2xl03  V/m.  The 
frequency  of  the  applied  field  was  set  at  1  KHz.  The  PIN  Diode 
Circuit  used  previously  in  the  DC  measurement  portion  of  the 
experiments  was  used  as  the  detector. 

The  results  of  these  tests  are  shown  in  Figures  29a,  29b, 
29c,  and  29d.  Clearly,  this  crystal  is  feasible  for  use  in  an 
electric  field  sensor  for  measurement  of  these  low  fields  (lxlO3 
V/m).  Similar  results  were  also  achieved  with  the  10  mm  crystal 
but  with  the  expected  reduction  in  transmission  change.  The 
detection  system  used  was  not  sufficiently  sophisticated  to  eli¬ 
minate  the  ripple  noise.  This  same  field  was  measured  using  two 
of  these  PIN  diode  detectors;  one  for  each  polarization  state. 
When  the  two  outputs  were  put  into  a  differencing  amplifier,  the 
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b)  10  mm  crystal 


Figure  28.  Sensor  and  probe  response  to  applied  pulse. 

Sensor's  response  compared  to  the  high-voltage  probe's  response. 

In  each  case,  the  trace  from  the  high-voltage  probe  is  on  the  top. 
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c)  Field  Parameters  1-103  V.  at  2  kHz 

m 


d)  Field  Parameters  MO3  V.  at  500  ,.s  Pulse  Width 
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Figure  29.  20  mm  crystal's  response  to  low-level  oscillating  fields. 

In  each  case,  the  upper  trace  is  the  crystal's  response, 
while  the  lower  trace  is  the  signal  generator  output. 
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random  noise  was  eliminated.  The  result  is  a  system  capable  of 
detecting  even  smaller  fields.  With  this  set  up,  a  field  of 
approximately  200  V/m  was  measured.  Indications  are  that  a  field 
value  of  less  than  1  V/m  should  be  measurable  with  a  20  mm  crystal 
at  the  shot  noise  limit  of  the  incorporated  photodiode. 

The  results  of  the  A.C.  tests  indicate  the  feasibility  of 
developing  an  electric  field  sensor  which  is  capable  of  measuring 
electric  fields  between  1  V/m  and  1x10^  V/m.  A.C.  measurement 
bandwidth  capability  of  greater  than  100  MHz  should  be  possible 
with  this  technology.  In  addition,  there  would  be  no  need  to 
integrate  this  sensor's  output  signal  to  determine  the  applied 
electric  field.  This  makes  a  fiber  optic  electric  field  sensor 
based  on  the  electro-optic  effect  in  BGO  a  unique  sensor  whose 
capabilities  make  it  well  suited  to  lightning  research  applica- 
t ions . 

3.3.3  Results  from  Tests  at  AFWAL/FI ESL  Facility 

Between  December  10  and  December  12,  1985,  GEO-CENTERS,  INC. 
personnel  tested  a  prototype  fiber  optic  electric  field  sensor 
based  on  the  electro-optic  effect  with  personnel  of  the  Air  Force 
Wright  Aeronautical  Laboratory's  (AFWAL)  Lightning  Research  Group 
at  their  facility.  This  electric  field  sensor  was  fabricated  at 
GEO-CENTERS'  Boston  Laboratory  facility.  For  electric  field 
measurements  (A.C.)  a  photodetector  with  high  speed  amplifier  (10 
MHz)  was  interfaced  to  the  output  of  the  fiber  optic  electric 
field  sensor. 

The  sensor  was  fabricated  using  a  2  mm  x  3  mm  x  5  mm  BGO 
crystal  with  the  following  dimensions: 
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<001> 


3  mm 


The  polaroids  for  the  sensor  were  oriented  so  that  the  sensor  was 
sensitive  only  to  applied  electric  fields  in  the  <001>  crystal 
direction.  The  A.C.  measurement  bandwidth  capability  of  the 
sensor  and  its  associated  electronics  was  approximately  10  MHz, 
with  the  photodetector  amplifier  being  the  limiting  component. 
This  sensor  was  designed  for  the  measurement  of  very  large  elec¬ 
tric  fields  (  lxlO7  V/m)  as  the  crystal  length  ( <  T 1 0  > )  was  com¬ 
paratively  short. 

At  the  AFWAL/FI ESL  facility  in  Dayton,  Ohio,  the  sensor's 
response  to  four  different  electric  field  types  was  measured.  In 
all  of  the  tests  a  voltage  was  applied  to  two  circular  plates  with 
a  plate  spacing  of  approximately  one  inch.  The  maximum  electric 
field  which  we  were  able  to  introduce  was  limited  by  the  elec¬ 
trical  breakdown  of  the  air  between  the  two  parallel  plates. 

The  first  test  type  involved  a  pulsed  electric  field.  The 
applied  voltage  pulse  was  negative  with  a  peak  voltage  of  approxi¬ 
mately  -24,000  volts  and  a  pulse  duration  of  approximately  5  to  6 
jjs.  With  plates  with  one  inch  spacing,  this  results  in  an  applied 
peak  electric  field  of  approximately  9.5xl03  V/m. 

The  second  test  type  involved  an  oscillatory  applied  electric 
field.  The  maximum  applied  voltage  in  this  case  is  approximately 
9,300  volts,  and  the  oscillatory  period  was  approximately  9  y s 
with  the  amplitude  of  the  applied  voltage  decreasing  after  each 
successive  period.  This  results  in  a  peak  applied  electric  field 
of  the  order  of  -  3.7x10'*  V/m. 
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The  third  test  type  involved  the  electric  field  produced  by 
charging  the  parallel  plates  with  the  power  supply  and  then  rapid¬ 
ly  discharging  them  with  a  grounding  strap.  For  these  tests,  the 
plates  were  charged  with  a  voltage  of  approximately  26,000  volts, 
producing  a  field  of  approximately  1x10°  V/m.  This  was  the  lar¬ 
gest  electric  field  produced  during  any  of  these  tests. 

The  fourth  test  type  involved  an  oscillatory  field  similar  to 
that  mentioned  above.  In  this  case,  the  power  supply's  voltage 
was  increased  until  the  parallel  plates  broke  down.  This  produces 
a  very  rapid  initial  pulse  followed  by  the  oscillatory  type  field 
previously  discussed.  This  test  was  predominantly  performed  to 
characterize  GEO-CENTERS,  INC.'s  photodetector  system's  A.C. 
bandwidth  capability. 

In  order  to  evaluate  the  prototype  fiber  optic  sensor,  it  was 
placed  between  the  two  parallel  plates  to  which  the  voltage  was 
applied.  A  He-Ne  laser  was  used  as  the  optical  source  for  the 
fiber  optic  electric  field  sensor  for  these  tests.  This  source 
was  chosen  as  it  provided  the  greatest  incident  optical  intensity 
to  the  fiber  optic  sensor.  This  source,  however,  did  present  some 
difficulty  as  a  plasma  oscillation  in  the  laser  discharge  produced 
a  modulation  in  the  He-Ne  laser's  output  intensity  at  a  frequency 
of  approximately  1.5  MHz.  It  should  be  noted  that  if  a  new  He-Ne 
laser  (the  He-Ne  used  was  about  5  years  old  and  has  subsequently 
deteriorated)  was  employed  as  the  optical  source,  the  plasma 
oscillation  would  be  completely  eliminated.  This  modulation  was 
approximately  l/16th  of  the  amplitude  of  the  total  optical  inten¬ 
sity  which  was  input  to  the  fiber  optic  sensor.  This  modulation 
prevents  "clean"  output  signal  detection  of  small  changes  in  the 
transmitted  optical  intensity.  Through  integration  of  the  sen- 
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sor's  output,  a  signal  with  excellent  signal  to  noise  is  achieved 
as  the  effect  of  the  modulation  at  1.5  MHz  is  averaged  out.  This 
allows  for  the  detection  of  low  level  changes  in  the  optical 
transmission  with  this  optical  source. 

The  sensor  output  was  monitored  by  an  avalanche  photo¬ 
diode/amplifier  whose  output  was  recorded  by  a  Data  Precision 
transient  recorder.  In  addition  to  the  sensor's  output,  the 
employed  transient  recorders  were  used  to  monitor  the  applied 
current  to  the  parallel  plates  and  the  applied  voltage  across  the 
parallel  plates. 

Figure  30  shows  results  from  one  of  the  pulsed  field  tests. 
The  upper  trace  is  the  applied  voltage  to  the  parallel  plates. 
The  middle  trace  is  the  response  of  the  fiber  optic  sensor  to  the 
electric  field  pulse.  The  lower  trace  is  the  integral  of  the 
fiber  optic  sensor's  response.  The  sensor’s  output  clearly  tracks 
the  input  voltage  pulse.  The  integration  of  the  sensor's  output 
shows  that  the  sensor's  signal  to  noise  ratio  is  actually  guite 
good,  as  the  change  in  the  integral  of  the  sensor's  output  signal 
is  easily  discerned.  In  the  absence  of  the  1.5  MHz  noise,  the 
sensors  output  should  show  the  same  or  better  signal  to  noise 
ratio  as  compared  to  the  integrated  sensor  output  allowing  for 
electric  field  measurements  to  be  made  without  signal  integration. 

Figure  31  shows  the  results  from  an  oscillatory  electric 
field  test.  The  upper  trace  is  the  applied  current  to  the  plate. 
The  second  trace  is  the  fiber  optic  sensor's  response  to  the 
applied  electric  field.  The  third  trace  is  the  integrated  fiber 
optic  sensor's  response.  The  lower  trace  is  the  integral  of  the 
applied  voltage  to  the  parallel  plates.  A  comparison  of  the 
applied  current  and  the  fiber  optic  sensor's  response  shows  that 
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the  phase  relationship  between  current  and  voltage  in  a  capacitor 
is  clearly  observable.  The  current  and  voltage  in  a  capacitor  are 
related  by: 

i  =  C  dV  (30) 


The  applied  current  in  this  case  is  clearly  a  damped  sinusoid. 
Therefore,  the  voltage  should  be  90°  out  of  phase  with  respect  to 
the  applied  current  (  ^  sin  x  =  cos  x),  as  the  electric  field  is 


related  to  the  applied  voltage  by: 


E  =  V 


where : 

d  =  the  plate  spacing 

Therefore,  the  applied  electric  field  is  in  phase  with  the 
applied  voltage.  The  90°  phase  difference  between  the  applied 
current  and  fiber  optic  sensor's  response  to  the  applied  electric 
field  is  clearly  observed  in  the  top  two  traces.  Furthermore,  the 
integration  of  the  sensor's  response  to  the  applied  electric  field 
and  the  integration  of  the  applied  voltage  are  both  shown  to  be  in 
phase  with  the  applied  current.  These  data  clearly  show  that  the 
prototype  fiber  optic  electric  field  sensor  is  capable  of  measur¬ 
ing  electric  fields.  The  integrated  sensor  response  follows  the 
integral  of  the  applied  voltage  excellently.  The  applied  electric 
field  change  from  the  final  valley  to  the  final  peak  for  this  test 
was  approximately  2xl05  V/m.  The  sensor  still  tracks  this  elec¬ 
tric  field  change  with  a  good  signal  to  noise  ratio.  By  incor- 
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porating  a  newer  optical  source,  the  signal  to  noise  ratio  could 
be  significantly  improved  with  the  existing  sensor.  If  a  crystal 
of  longer  length  is  employed  further  improvements  in  the  signal  to 
noise  ratio  would  be  observed. 

Figure  32  shows  the  results  of  one  of  the  tests  where  the 
charged  parallel  plates  were  rapidly  discharged  with  a  grounding 
strap.  The  top  trace  is  the  fiber  optic  sensor's  response  to  the 
parallel  plate  discharge.  The  bottom  trace  is  the  integrated 
fiber  optic  sensor's  response.  The  sensor  responds  quite  well  to 
this  type  of  electric  field.  Even  though  the  initial  rise  time  is 
at  approximately  the  same  frequency  as  the  1.5  MHz  oscillation, 
with  an  electric  field  of  this  amplitude  (lxlO*3  V/m)  the  signal  to 
noise  ratio  is  sufficient  to  track  the  input  electric  field. 
Integration  of  the  sensor's  output,  once  again,  shows  a  signal 
with  improved  signal  to  noise  ratio.  The  comparatively  slow  fall 
time  in  these  tests  is  due  most  likely  to  the  capacitance  and 
resistance  in  the  cables  and  power  supplies. 

Figure  33  shows  results  from  the  test  which  was  used  to  cha¬ 
racterize  the  A.C.  measurement  bandwidth  capability  of  the  ava¬ 
lanche  photodiode/amplifier  system  used  for  output  detection  in 
the  fiber  optic  electric  field  sensor.  For  this  experiment  the 
three  curves  shown  were  recorded  from  three  separate  tests.  These 
tests  were  run  with  the  electric  field  generating  equipment  set  up 
as  it  was  for  the  oscilitory  field  test,  except  in  this  case  the 
power  supply  voltage  was  increased  until  the  air  between  the 
parallel  plates  broke  down.  The  top  trace  shows  the  response  of 
the  AFWAL/FIESL  system  which  was  used  to  monitor  the  applied 
voltage  to  the  plates.  This  system  converts  the  measured  voltage 
to  an  optical  signal,  transmits  the  signal  to  the  data  recording 
station  on  an  optical  fiber,  and  then  reconverts  the  optical 
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CENTER'S  photodetector  system 


signal  to  an  electrical  signal  with  a  photodetector/amplifier. 
The  middle  trace  is  the  result  of  connecting  the  optical  output  of 
the  AFWAL/FIESL  system  to  GEO-CENTERS'  avalanche  photodiode/am¬ 
plifier  system  for  optical  to  electrical  converison.  The  bottom 
trace  is  the  fiber  optic  sensor's  response  to  this  type  of  applied 
electric  field.  The  AFWAL/FIESL  photodetector/amplifier  clearly 
tracks  the  change  in  voltage  which  occurs  at  the  point  where  air 
breakdown  occurs.  The  much  slower  oscillations  are  also  tracked 
by  this  photodiode/amplifier  system.  GEO-CENTERS'  avalanche 
photodiode/amplifier  system  with  its  10  MHz  bandwidth  capability 
does  not  accurately  track  this  initial  rapidly  changing  signal. 
It  does,  however,  track  the  sinusoidal  oscillations  quite  well. 
The  fiber  optic  sensor  signal  shows  the  same  bandwidth  limited 
behavior  when  responding  to  the  initial  air  breakdown  as  that  of 
the  AFWAL  optical  output  and  the  GEO-CENTERS'  detector.  This  test 
shows  that  the  fiber  optic  sensor's  response  to  A.C.  applied 
electric  fields  was  limited  by  the  measurement  bandwidth  capa¬ 
bility  of  the  avalanche  photodiode/amplifier  system.  This  detec¬ 
tor  amplifier  was  chosen  because,  even  though  it  is  limited  in  its 
A.C.  measurement  bandwidth  capability,  it  has  larger  responsivity 
(volts/watt)  than  any  photodetector  system  that  was  available  at 
GEO-CENTERS.  GEO-CENTERS  plans  to  develop  avalanche  photo¬ 
diode/amplifier  systems  with  higher  A.C.  measurement  bandwidth 
capability  with  the  equivalent  responsivity  of  this  system. 

This  series  of  tests  shows  that  the  technology  developed  at 
GEO-CENTERS,  INC.'s  Boston  Laboratory  facility  with  bulk  optics 
can  be  utilized  in  a  fiber  optic  sensor.  At  GEO-CENTERS  tests 
were  performed  with  a  5mm  long  BGO  crystal  with  pulsed  fields  of 
between  1x10^  v/m  and  3x10^  V/m  and  a  pulse  duration  of  approxi¬ 
mately  1  ps.  With  electric  fields  of  this  amplitude,  the  1.5  MHz 
laser  plasma  oscillations  do  not  prevent  the  clean  detection  of 
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the  optical  transmission  change.  At  the  AFWAL  facility  this  con¬ 
clusion  was  confirmed  with  the  tests  performed  with  the  parallel 
plate  discharge  (see  Figure  32),  where  an  electric  field  amplitude 
change  of  1x10^  V/m  occurred.  The  change  in  optical  transmission 
with  applied  electric  field  was  similar  with  both  the  bulk  optics 
and  fiber  optic  sensor  configurations.  With  an  improved  source 
and  photodetector,  an  electric  field  sensor  with  improved  small 
electric  field  (<<lxl0^)  measurement  capability  and  very  high  A.C. 
measurement  bandwidth  capability  will  be  realized.  This  can  be 
accomplished  by  incorporating  a  new  He-Ne  laser  as  an  optical 
source  and  incorporating  high  bandwidth  circuitry  in  the  photo¬ 
detector  amplifier.  Future  fiber  optic  electric  field  sensors 
applicable  for  use  by  the  AFWAL/FIESL  lightning  research  group 
will  employ  longer  crystals.  This  will  result  in  a  larger  induced 
birefringence  in  the  crystal  as  a  function  of  the  applied  electric 
field.  Work  at  GEO-CENTERS*  Laboratory  described  in  this  report 
indicates  that  a  sensor  with  a  linear  sensing  range  between  1  V/m 

7 

and  1x10  V/m  and  an  A.C.  measurement  bandwidth  capability  in 
excess  of  100  MHz  should  be  achieved  in  a  fiber  optic  sensor  which 
incorporates  a  10  mm  BGO  crystal. 
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Conclusions  &  Recommendations 


The  Phase  I  non-invasive  electromagnetic  field  sensor  program 
initiated  the  development  of  a  fiber  optic  electric  field  sensor 
based  on  the  electro-optic  effect.  During  the  Phase  I  research 
effort,  attention  went  to  determining  the  best  electro-optic  crys¬ 
tal  and  crystal  geometry  for  developing  a  sensor  with  measurement 
capabilities  applicable  to  both  lightning  and  NEMP  research.  The 
Phase  I  research  effort  investigated  the  effect  of  electro-optic 
crystal  type  and  electro-optic  crystal  geometry  on  a  sensors's 
linear  sensing  range  and  A.C.  bandwidth  measurement  capabilities. 
In  addition,  electro-optic  crystal  physical  properties  such  as 
ruggedness,  dielectric  permeability,  and  the  temperature  depen¬ 
dence  of  its  electro-optic  coefficients  were  investigated  in  order 
to  assure  the  development  of  a  practical  sensor.  The  data  col¬ 
lected  during  the  Phase  I  research  effort  indicate  Bi^GeO^)^ 
( BGO )  is  an  excellent  electro-optic  crystal  for  the  development  of 
a  fiber  optic  electric  field  sensor  for  both  lightning  and  NEMP 
research . 

The  data  generated  during  this  research  effort  demonstrate  a 

2 

linear  sensing  range  with  a  10  or  20  cm  long  BGO  crystal  of  1x10 

7 

V/m  to  1x10  V/m.  By  incorporating  an  additional  stage  of  am¬ 
plifiers  in  our  detection  electronics,  a  linear  sensing  range  of  1 

7 

V/m  to  1x10  V/m  should  be  easily  realized.  In  addition,  in  all 
experiments  performed  to  date,  the  photodetector/  amplifier  system 
and  not  the  electro-optic  crystal  limited  the  A.C.  measurement 
bandwidth  capability  of  the  sensor/electronics  system.  Still,  an 
A.C.  measurement  bandwidth  capability  in  excess  of  10  MHz  was 
demonstrated  during  the  Phase  I  research  effort.  By  incorporating 
high  bandwidth  circuitry  in  a  photodetector  system,  an  A.C.  mea¬ 
surement  bandwidth  capability  which  approaches  a  GHz  should  be 
rea J : zed . 
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Theoretical  calculations  which  were  done  during  the  Phase  I 
research  effort  indicated  a  unique  capability  of  electro-optic 
cyrstals  with  23  and  43m  point  group  symmetries.  These  calcula¬ 
tions  showed  that  by  cutting  the  crystal  along  certain  axes  and  by 
incorporating  two  optical  axes  and  polarizer  orientations,  a 
single  crystal  can  be  used  to  create  two  independent  electric 
field  sensors  with  orthogonal  directional  sensitivities.  This 
affords  the  possibility  of  creating  a  sensing  head  with  3  axis 
electric  field  sensitivity  by  utilizing  only  two  electro-optic 
crystals.  This  allows  for  the  development  of  an  electric  field 
sensor  capable  of  measuring  electric  field  strength  and  direction 
at  a  significant  cost  reduction,  when  compared  to  an  electric 
field  sensor  which  incorporates  three  e lec t ro- opt i c  crystals. 
This  is  the  first  time  that  this  result  has  been  reported.  Con¬ 
sequently,  GEO-CENTERS,  INC.  will  investigate  the  filing  of  a 
patent . 

The  design,  fabrication,  and  testing  of  a  prototype  fiber 
optic  electric  field  sensor  based  on  the  electro-optic  effect  was 
accomplished  during  the  Phase  I  research  effort.  The  work  per¬ 
formed  shows  that  the  technology  developed  in  this  research 
effort  with  bulk  optics  can  be  successfully  utilized  in  a  fiber 
optic  sensor.  This  portion  of  the  Phase  I  research  effort  is  an 
important  step  to  the  development  of  a  fiber  optic  electric  field 
sensor  for  lightning  research,  as  it  clearly  shows  the  feasibility 
of  utilizing  this  technology  for  electric  field  measurements.  In 
the  proposed  next  phase  of  this  research  effort,  sensors  will  be 
developed  which  have  the  measurement  capabilities  of  the  D  sen¬ 
sors,  which  are  presently  incorporated  in  lightning  research. 


In  order  for  a  fiber  optic  electric  field  sensor  to  realize 
its  full  A.C.  measurement  bandwidth  capability,  a  photodetector 
system  with  an  A.C.  measurement  bandwidth  capability  which  ap¬ 
proaches  a  GHz  needs  to  be  developed.  This  bandwidth  capability 
is  achievable  in  a  photodetetor  amplifier  system  which  incorpor¬ 
ates  discrete  components  and  not  operational  amplifiers  which  are 
presently  used.  The  development  of  photodetector  amplifier  sys¬ 
tems  with  this  capability  should  occur  in  a  Phase  II  research 
effort.  This  would  result  in  an  electric  field  sensor  which  has 
as  high  an  A.C.  measurement  bandwidth  capability  as  any  other 
available  electric  field  sensor. 

The  Phase  I  research  experimental  effort  determined  the 
effect  of  electro-optic  crystal  length  on  the  linear  sensing  range 
of  a  fiber  optic  sensor.  These  data  allow  the  design  of  specific 
electric  field  sensors  for  particular  measurement  requirements 
based  on  empirical  data.  Because  of  this,  GEO-CENTERS,  INC.  is 
now  capable  of  designing  specific  electric  field  sensors  for 
lightning,  NEMP,  and  other  research  areas. 

In  conclusion,  during  the  Phase  I  research  effort,  each  of 
the  tasks  outlined  in  the  Phase  I  Statement  of  Work  was  success¬ 
fully  completed.  In  addition  to  meeting  these  objectives,  a 
prototype  fiber  optic  electric  field  sensor  was  fabricated  at 
GEO-CENTERS  Boston  Laboratory  and  tested  in  conjunction  with 
members  of  the  Air  Force  Wright  Aeronautical  Laboratories  Light¬ 
ning  Research  group.  This  research  effort  will  provide  the  tech¬ 
nical  foundation  for  the  future  development  of  fiber  optic  elec¬ 
tric  field  sensors  for  lightning  and  NEMP  research  applications. 
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Analysis  of  the  transverse  electro-optic  effect  in  KDP. 

The  calculation  showing  a  transverse  electro-optic  effect  in 
KDP  proceeds  much  like  the  calculation  for  BGO  which  is  done 
explicitly  in  the  text. 

After  a  n /4  rotation  about  the  <001>  direction,  the  indica- 
trix  equation  becomes 

Equation  I 

1  -  J_  (x1,2  +  x2'2)  +  J_  x3'2  +  _2_  r41(A1e_(x1'x3,+x2,x3')  + 


^2e+^Xl,X3,-X2,X3' } ^  +  r63(xl'  +X2 '  } 


where : 


(Ei'-Ej') 

(E: '+E2'  ) 


For  light  propagating  in  the  x2 '  direction,  this  reduces  to 


Equation  II 


1  +  r^-,E  *  x 


•2  ♦ 


1  x. 


,2  +  2r,,  ( A.e  +A„ e . ) x, * x, ' 


As  before,  the  indices  of  refraction  for  the  normal  modes  are 
given  by  the  eigenvalue  of  Equation  II.  For  the  case,  E  applied 
along  the  <001>  direction,  the  eigenvalues  are 

1  =  1  +  r , ,  E..  and  1  =  1 

2  2  2  2 

n'  n  ,  n'  n 

ol  o3 

The  corresponding  eigenvectors  are  and  ,  respectively. 

Using  Equation  16  from  the  text  to  calculate  the  biref  ringence , 
g  i  ves 


L  n  ,  r,  -,E 
in  — -  ol  63 


For  E-  applied  along  the  <110>  direction 


1  =/  1  +1 


,2  2  2 

n  \n01  o3  , 


1  -  1 
2  2 
"ol  W 

2  cos  a 


where : 


=  tan  Y  2r41E_, 
Vol  no3  , 
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Tne  corresponding  non-normal ized  eigenvectors  are 


The  induced  birefringence  is 


r’or  E-field  applied  along  the 

ref raciton  remain  n  ,  and  n  , 

ol  o3 

natural  birefringence  of 


<IlO>  direction  the  indices  of 
.  This  situation  exhibits  KDP's 
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